There is a need to evaluate the evidence about the health effects of tea flavonoids and to provide valid, specific, and actionable tea consumption information to consumers. Emerging evidence suggests that the flavonoids in tea may be associated with beneficial health outcomes, whereas the benefits and risks of tea extracts and supplements are less well known. The next steps in developing tea science should include a focus on the most promising leads, such as reducing the risk of cardiovascular disease and stroke, rather than pursuing smaller, more diffuse studies of many different health outcomes. Future tea research should also include the use of common reference standards, better characterization of intervention products, and application of batteries of biomarkers of intakes and outcomes across studies, which will allow a common body of evidence to be developed. Mechanistic studies should determine which tea bioactive constituents have effects, whether they act alone or in combination, and how they influence health. Clinical studies should use well-characterized test products, better descriptions of baseline diets, and validated biomarkers of intake and disease risk reduction. There should be more attention to careful safety monitoring and adverse event reporting. Epidemiologic investigations should be of sufficient size and duration to detect small effects, involve populations most likely to benefit, use more complete tea exposure assessment, and include both intermediary markers of risk as well as morbidity and mortality outcomes. The construction of a strong foundation of scientific evidence on tea and health outcomes is essential for developing more specific and actionable messages on tea for consumers.
INTRODUCTION
Tea is a fascinating, complex beverage and contains many bioactive ingredients including polyphenols as well as caffeine, theobromine, the amino acid theanine, inorganic salts, and elements. There is good evidence that certain classes of flavonoids may have beneficial health effects, so there is a great deal of research interest in tea flavonoids. This article presents the current science on tea flavonoids, suggests new research needed to provide evidence for a convincing case regarding health benefits and safety of the flavonoids and other bioactive components in tea, and discusses fruitful paths for communicating health messages about tea to consumers.
State of flavonoid science
Flavonoids are phenolic compounds found in most plant foods and in particularly high concentrations in tea. Flavonoids appear to be the most plentiful and diverse of all the nonnutrient bioactive constituents of foods. Six classes of monomeric compounds and one class of oligomeric to polymeric flavonoid compounds are found in food ( Figure 1) . Flavonoids all share a common 3-ring structure and differ from each other in the location of their oxygen and hydroxyl moieties and by the presence or absence of double bonds on their carbon rings. The monomers in plants often appear as glycosides but are also found to be gallated or methylated. The notable exception is the flavan-3-ols, which are mainly present in the diet as aglycones.
Some flavonoids are associated with putative beneficial health effects. These are likely to be specific to certain flavonoid compounds and classes rather than to overall flavonoid intake. In vitro bioactivity includes antioxidant, antimutagenic, antimicrobial, and antiinflammatory properties as well as the capacity to inhibit platelet aggregation. Almost all of the in vitro studies have explored effects that are related to possible mechanisms of action of flavonoid compounds as they occur in food. The results of these studies may have little relevance to the true bioactivities in vivo because some flavonoids are metabolized before and after absorption to structurally distinct compounds. Few studies have explored the in vitro bioactivity of these compounds. In animal models, protective effects of flavonoids have been noted to decrease the initiation and/or progression of the pathogenesis of some common chronic degenerative diseases. Clinical evidence for a benefit of flavonoids is strongest for surrogate endpoints of cardiovascular disease such as flow-mediated dilation, biomarkers of inflammation, nitrous oxide production, and platelet aggregation. The observational evidence for flavonoid benefits on health is mixed, but relatively consistent, positive associations have been found for a decreased risk of coronary artery disease and stroke morbidity and mortality.
Food flavonoids and health outcomes
Early studies of the health effects of tea in the 1980s and 1990s took place at a time when databases of the flavonoid content of foods were incomplete. Nonetheless, case-control studies reported associations between diets high in flavonoid-rich tea, soy products, and cocoa. Differences in health outcomes between Asian and Western populations were thought to be due in part to these compounds. Cohort studies in Western populations showed associations between diets high in flavonoids, intakes of certain classes of flavonoids, and decreased risk of cardiovascular disease. Shortly after 2000, the USDA issued a series of more complete databases on isoflavonoids, other monomers, and proanthocyanidins; and a decade later, 2 other databases were released in Europe, the Eurofir project of the European Commission and the Phenol Explorer (1) . The availability of these databases helped to accelerate progress in both observational and clinical research. Studies continued to report generally positive but inconsistent associations between foods such as tea, cocoa, wine, citrus, soy, and certain flavonoids with decreased risk of cardiovascular and some other chronic degenerative diseases. Adverse effects were not found from usual diets consisting of such foods and beverages. Progress continues to be made on increasing the accuracy and thoroughness of the databases for dietary polyphenols and other bioactive components as well as on developing valid biomarkers of flavonoid intake and metabolism.
Current evidence from cohort studies for health benefits of the flavonoids and flavonoid-rich foods such as tea appears to be strongest for coronary artery disease and stroke (2, 3) . There is also a moderate amount of evidence that the flavonols contribute to cardiovascular health or are markers for other compounds that do have such effects. Investigations of the American Cancer Society's Cancer Prevention Study II (4) and the Iowa Women's Health Study (5) cohorts showed that intakes of anthocyanidins, anthocyanins, and flavanones were associated with decreased cardiovascular mortality risk. Inverse associations were also observed for the intake of flavan-3-ols and total flavonoids with mortality, but they were nonlinear, with most of the protective effects evident when consumption increased from virtually none to that in the second or third quintile of intake.
Incident hypertension was most closely associated with anthocyanin intake in another large cohort study, with some effect noted for the flavone apigenin in people ,60 y of age and also for the flavan-3-ol catechin, although the effects were not strong (6) . In a follow-up study with data from a twin registry, anthocyanin intake was associated with lower central systolic blood pressure and pulse-wave velocity, measures of cardiovascular risk, but the flavan-3-ols, which are high in tea, were not (7) . There are a number of positive studies of cocoa flavan-3-ols with surrogate markers of decreased surrogate cardiovascular disease risk biomarkers such as flow-mediated dilation (8) (9) (10) (11) . Thus, the beneficial effects of the flavonoids on cardiovascular disease do not appear to be limited to a single food, a single class of flavonoids, or a single flavonoid.
TEA FLAVONOIDS
Tea is a member of the Camellia family. The process of fermentation in tea involves the oxidation of flavonoids present in the tea leaf caused by release of intracellular polyphenol oxidase. It transforms not only the flavonoids but also the color and taste of the product. Green tea is not fermented, oolong is partly fermented, and black tea is fermented. Pu'er tea, which is popular in some Asian countries, is wet fermented or composted. Tea is particularly rich in 3 flavonoid classes: flavan-3-ols (or catechins), oligimeric flavonoids (including thearubigins and theaflavins generated during fermentation), and flavonols (eg, quercetin) (see Figures 2 and 3 ) (12, 13). There are 6 unique "signature" monomer catechins in green tea that provide its characteristic chemical profile, including epigallocatechin-3-gallate and epicatechin-3-gallate. During the fermentation of green to black tea, the catechins form dimers called theaflavins (derived tannins), larger compounds called proanthocyandins (condensed tannins), and very large oligomers and polymers called thearubigens (condensed/derived tannins) (Figure 2 ). The chemical structures of these flavonoid oligomers in tea are very complex and have yet to be entirely characterized (14) . Quercetin is the most common flavonol present in tea (15) . Other characteristic bioactive components in tea ( Figure 3 ) include theanine, an amino acid that has been hypothesized to reduce glutamate-related endothelial damage (16) , caffeine, theobromine, and inorganic salts.
Tea is a complicated beverage not only because of its many varietals, array of bioactive constituents, and several methods of fermentation and processing but also because of its varied techniques of preparation (13) (14) (15) . Unblended teas vary by hybrid and by the geographic area in which they are produced (eg, Assam, China, Ceylon, Darjeeling, Kenya) and also differ in terms of their processing (eg, orthodox compared with "crush, tear, and curl"), type (eg, plain or flavored), and grade (size). The blend from which a brew is made has a major effect on flavonoid content. The blending and brewing of teas are intended to modify their aroma, color, and taste but directly affect their flavonoid profile as well. These factors and others, such as the addition of milk, lemon, or honey, complicate the assessment of the intake of tea flavonoids and other bioactive components in observational studies. Currently available flavonoid databases can help minimize measurement error and increase the contrast between consumers with different amounts of intake, but better efforts to characterize and define tea intake in epidemiologic studies and clinical trials are warranted.
The limitations associated with our current research approaches may account for some of the apparent discrepancy in study results. For example, whereas evidence from some cohort studies indicates a reduced risk of coronary artery disease with tea consumption of $3 cups daily (17) , data on the effect of tea on the incidence and mortality from cardiovascular disease are limited, although the Cochrane Heart Group is now undertaking a meta-analysis of research studies on this topic (18). FIGURE 2. Fermentation of green tea to black tea. C, catechin; CG, catechin-3-gallate; EC, epicatechin; ECG, epicatechin-3-gallate; EGC, epigallocatechin; EGCG, epigallocatechin-3-gallate; GC, gallocatechin; GCG, gallocatechin-3-gallate.
Observational studies suggesting that tea intake is inversely correlated with the risk of type 2 diabetes is compelling, but randomized clinical trials are necessary to establish causal inferences (19, 20) . The evidence for a chemopreventive action of tea was not supported in a 2009 systematic review by Boehm et al (21) . Although not an issue for tea drinking, new research is warranted because of concerns about the potential adverse effects of certain green tea extracts used in dietary supplements (30) (31) (32) .
NEXT STEPS FOR TEA SCIENCE
Progress has been slow in achieving health claims for tea or other flavonoid-rich foods despite continued efforts both in the United States and in Europe (22) . Approval for some statements about tea or other flavonoid-rich foods and their benefit to health seems likely at some point in the future. However, significant gaps in the research evidence remain today. Why is it that more definitive information on benefits is not available nearly a quarter century after the first studies linked tea and tea flavonoids with positive effects on cardiovascular disease risks?
It is possible that tea flavonoids have little or no efficacy and that the positive results from early studies simply reflected poor control of other influences or that the flavonoid-poor diets to which comparisons were made were also nutritionally poor in other ways. If so, the inverse association of flavonoid-rich diets with disease risk reduction may have been coincidental or due to the increased risk of poor outcomes in the comparison group. It is also possible that the observed beneficial effect was due to multicollinearity, ie, due to other bioactive compounds present in tea and/or other foods. A more likely possibility is that tea intake has a biologically significant but smaller effect than first reported, and that the number and quality of observational and clinical studies to date have not been sufficiently large or robust enough to show clear and consistent health benefits. As a natural plantbased beverage, the biological effects of tea are likely smaller than that of therapeutic drugs, and effects may be missed in studies that are powered for pharmacologic interventions. If only specific classes or combinations of flavonoids or other bioactive compounds are efficacious, and these exposures are poorly assessed in epidemiologic studies or vary too greatly in the available clinical trials, it is not surprising that results are inconsistent.
The US Food and Drug Administration (FDA) 6 , the UK Food Standards Agency, the European Union's European Food Safety Administration (EFSA), and many other countries have developed procedures and regulations for permitting health claims on foods (23, 24) . These administrative processes involve a review of generally acceptable scientific evidence that the claimed effect of the food is beneficial to health and that several other conditions are met. These include the following: 1) there is a cause-and-effect relation between consumption of the food and claimed effects in humans using generally accepted criteria, such as strength, consistency, temporal occurrence, specificity, and evidence of a dose-response relation, as well as biological plausibility of the relation; 2) a reasonable quantity of the food and the pattern of consumption is required to obtain the claimed effect, and this amount can be achieved as part of a balanced diet; 3) the specific groups on which evidence was obtained are described and they are representative of the larger target population for which the claim is made; and 4) the need to prevent consumer confusion as well as to protect the public's health must be met (25) . For those planning to develop the evidence to craft health claims, it is worth examining the failed tea health claims to gain insight to guide future research in more productive directions. For example, some of the reasons for rejection of health claims for tea by regulatory agencies included the following: 1) insufficiently characterized active ingredients in relation to the claimed effects and 2) lack of an established cause-and-effect association between the tea beverage and/or its bioactive constituents and their claimed health effects if used as intended. However, these shortcomings are correctable and within the reach of existing scientific approaches ( Table 1 ). For Hypothesized causal pathways and mechanisms for the health effects of tea flavonoids and other tea bioactive components should also be guiding new investigations. In vitro studies exploring specific mechanisms should assess the effects of flavonoid compounds as they occur in vivo, rather than assessing effects only of the compounds found in foods and beverages. Of special importance is whether and how flavonoids bind at receptor sites and, if so, the nature of their bioactions. For example, by using a Bayesian approach, the dose of ingested epicatechin was found to explain most of the blood pressure-lowering effects of cocoa products; similar effects might be achieved by other foods rich in epicatechin such as tea (8) . Synergy-directed fractionation techniques in appropriate animal models may also be worth pursuing to better explore the mechanisms of action of bioactive components of tea. The influence of genetics and epigenetics in determining responses to tea are also fertile research areas.
In clinical studies, more information is needed on the absorption, digestion, metabolism, and excretion of each of the bioactive components in tea that have been linked to health effects, including but not limited to the flavonoids. This approach can be helpful in refining hypotheses: eg, studies on the absorption of the bioactive components of tea found that procyanidins with a degree of polymerization of $2 were poorly absorbed (26). As noted above, the bioavailability of tea flavonoids can be influenced by preparation and brewing techniques and accompaniments such as milk; these factors must be taken into account because they affect the amount of catechins and other flavonoids that can reach their cellular target. As has already been investigated for wine, the effects of tea on the gut microflora also deserve further study (27) .
Tea was introduced to the Western world w450 y ago but has been consumed in the Eastern world for .4500 y, providing anecdotal evidence that its consumption in moderation is enjoyable and without untoward effects. Fortification of beverages and foods or supplementation with tea extracts has recently become popular, although their equivalence in efficacy and safety are not well established (28, 29) . A potential for adverse effects exists for these products because their doses may be high, the processing techniques to prepare them (eg, aqueous compared with alcoholic extraction) can result in a profile of phytochemicals quite different from that of a tea beverage, and consuming them may occur in a different dietary context than typical tea drinking. Furthermore, many products combine tea extracts with a variety of other phytochemicals, nutrients, and herbal ingredients. Safety concerns, particularly the potential for hepatotoxicity (30) (31) (32) with regard to the use of green tea extracts, were summarized in a systematic review by the US Pharmacopeia (30) . However, it is difficult to evaluate either beneficial or adverse effects for this category of products Amass data on intake amounts that are efficacious in long-term studies to obtain relevant and validated health outcomes Safety Provide evidence of safe use and amass evidence for the absence of potential adverse effects because they are not standardized. In addition to new preclinical safety studies, improved adverse event reporting is warranted in which factors such as prior experience, alternative etiologies, temporal correlations, correlations with dosage amounts, and dechallenge-rechallenge situations are considered. However, it is worthwhile to note that some small studies have shown a reduction in risk of liver disease and cancer associated with the use of green tea extracts (21, 33) . Epidemiologic investigations may be able to identify subpopulations that may particularly experience health benefits from drinking tea. However, better tools to ascertain beverage and food consumption and more complete databases are necessary to improve exposure assessment of tea and tea phytochemicals. There is also a need to use biomarkers of tea intake. Indeed, it is particularly important to ascertain intakes precisely so that the amount of flavonoids from the overall diet and from tea specifically can be assessed. This approach might be most successful with serial 24-h recalls, which allow for extensive probing for details on variety, blend, and brewing techniques. Foodfrequency questionnaires are more often used in large cohort studies, but unless they are specially tailored for tea studies they contain only general questions on tea and make true differences in outcome difficult to measure. For example, items on foodfrequency questionnaires usually ask about tea consumption per day, with teas and other beverages of very different flavonoid content amalgamated altogether in a single item (eg, ready-todrink, brewed from bags of blended teas, loose-leaf tea), and a single average value is applied to all consumers. For these reasons, food-frequency questionnaires must be either purposebuilt or modified to assess the consumption of tea and tea flavonoids. This approach is feasible, as Zhang et al (34, 35) have shown by developing and testing a detailed food-frequency questionnaire to assess dietary flavonols and flavones. Alternatively, one could use an ancillary questionnaire that obtains complete information on type of tea and brewing and preparation of the tea.
Databases for dietary flavonoids need to be expanded and updated by using similar definitions for categorizing compounds into various classes and sufficiently precise to avoid errors in quantification. When including or excluding studies from metaanalyses, standards are needed for the completeness and quality of the database used in the study; otherwise, gaps and errors in the databases may mask true effects and lead to null results. Moreover, other improvements to the design and conduct of epidemiologic research need to be implemented. Whereas these studies need to include a sufficient sample size, it is also important that tea intake be described and assessed precisely, confounders be suitably controlled or adjusted, and chronic disease endpoints or valid surrogates be used for chronic degenerative disease endpoints (36) as well as intermediary markers of risk (17, 37) . One useful biomarker of black tea intake does exist (4-O-methylgallic acid). This biomarker probably also provides a good indicator of the level of exposure to black tea-derived polyphenols. The main problems with using this biomarker is that very few population studies collect 24-h urine samples, which is appropriate, and that in any event the compound is a better indicator of intake over 1-2 d rather than usual intake. However, there is no good biomarker of longer term intake that has been identified. Thus, self-reported estimates of intake are still superior to biomarkers for ascertaining usual intake. It would also be helpful if objective biomarkers of flavonoid intake could be developed. Because such health outcome studies are costly and time-consuming, a long-term research horizon must be contemplated.
COMMUNICATING TEA RESEARCH TO THE PUBLIC
As the science of tea becomes more mature and specific, actionable messages about consuming tea (and other flavonoidrich foods) that are based on solid evidence and not misleading will be needed. Consumer communications are complicated, and it is usually difficult to prepare messages that are consonant with the science and that actually help, rather than confuse, consumers. What valid and useful information can be transmitted to consumers about tea and/or its flavonoid content in dietary guidance, on label contents, or through structure-function or qualified health claims? Can a dietary reference intake be established for the flavonoids found in tea (or other foods)? How can information derived from tea research fit within existing dietary guidance such as the "My Plate" food guide? Is evidence today sufficient for a general dietary guidance statement, such as recommending that individuals eat 5-9 servings of a variety of colorful fruit and vegetables and other good sources of flavonoids, such as tea? These are questions that are easier to ask than to answer. More specific guidance may have to await the results of new evidence derived from different research strategies.
Are more specific messages about flavonoid content appropriate based on the available evidence? Should tea products be labeled with their content of flavonoids or other bioactive components? Should teas be standardized to one or more of their bioactive constituents to ensure a specific health benefit? This question, however, will require more new information on the direct relation between one or more of these compounds and the putative benefits of tea. For example, is the apparent benefit of tea derived from its total polyphenol content or from its total flavonoids, total catechins, and/or some combination of these and other bioactive components that are also present, such as Ltheanine, caffeine, theobromine, or other constituents? A particular advantage of black tea compared with green tea is that most of the black tea consumed worldwide is blended. This means that the contents of flavonoids, caffeine, theanine, and other compounds are reasonably similar for many of the teas consumed around the world. There is therefore less of a need to evaluate the product and more focus can be placed on how the tea is prepared and consumed. It is worth noting that consumers generally prefer scientists to talk more about foods than about specific nutrients or phytochemicals. However, once a bioactive constituent or constituents is identified as having beneficial effects, it may be helpful for manufacturers to identify their content on the food label. A glance at the labels of some teas now on the market finds them sometimes declaring the content of caffeine or flavonoids or "healthy antioxidants." It is clear that agreement is lacking within the tea industry on which ingredients to highlight and to standardize against for stating content claims or health benefits.
Health claims are another means of communicating benefits. Should structure-function claims for tea flavonoids be used? Would such statements help consumers, even if substantiated, truthful, and not misleading? Beyond the basic issues regarding the association of the evidence to the claim and the quality and totality of the evidence, there are also communications issues that must be wrestled with. What may be permitted under the law and what consumers understand may be quite different. For example, it is unclear if consumers understand the distinction between nutrient content, structure-function, and other health claims or between different levels of claims (23) .
The FDA allows a number of health claims related to plant foods including the following: 1) soy protein and reduced risk of coronary heart disease, 2) fruit and vegetables and reduced risk of some cancers, and 3) fruit, vegetables, and grains containing fiber (especially soluble fiber) and reduced risk of coronary heart disease (24) . The FDA denied proposed health claims for green tea and decreased risk of cardiovascular disease, gastric cancer, colorectal cancer, and esophageal, pancreatic, and other cancers. For green tea and cancer, the FDA concluded that it was highly unlikely that green tea decreased breast and prostate cancer risks. Similarly, EFSA concluded that the substantiation for the health claims related to tea did not suffice in several recent submissions the agency received. The claims denied included those that catechins from green tea contribute to the maintenance or achievement of a normal body weight and increased b oxidation of fatty acids leads to a reduction in body fat mass and helps maintain normal blood glucose concentrations (38) . The EFSA also denied claims related to tea and the catechins and intermediary biomarkers of outcomes such as improvement of endothelium-dependent vasodilation, maintenance of normal blood pressure, maintenance of normal blood glucose concentrations, maintenance of normal blood LDL-cholesterol concentrations, protection of the skin from UV-induced damage (including photo-oxidation), protection of the DNA from oxidative damage, and protection of lipids from oxidative damage. Additional claims that did not fare well included ones that catechins contributed to normal cognitive function, normal cardiovascular system functions, bodily invigoration, decreasing potentially pathogenic gastrointestinal microorganisms, immune health, and oral health (39) . The dossiers denied on substantiation of health claims related to tea also included proposed associations of catechins in green tea and tannins in black tea with protection of DNA, proteins, and lipids from oxidative damage; reduction in acid production in dental plaque; maintenance of bone health; decreases in potentially pathogenic intestinal microorganisms; maintenance of vision; maintenance of normal blood pressure; and maintenance of normal blood cholesterol concentrations (40) . The EFSA also rejected claims for L-theanine in improving cognitive function, alleviating psychological stress, helping maintain normal sleep, and reducing menstrual discomfort (41) .
Many other questions arise as we consider these issues, including whether health claims for tea/flavonoids are likely to contribute positively to the health of the population, and whether science can be communicated to the general public without the need for health claims. These difficult issues need to be addressed and answered in the future.
Is there sufficient evidence to establish a Dietary Reference Intake for flavonoids? Can an Estimated Average Requirement or Adequate Intake be established for flavonoids-or only for some classes or specific compounds? It is clear from a body of in vivo research that using simple criteria for the mechanism of action of flavonoids as antioxidants cannot readily be applied to dietary allowances for these compounds because they can possess both antioxidant and prooxidant properties (42) (43) (44) as well as an array of other bioactions. It is likely that dietary allowances would eventually need to focus more on the more selective mechanisms and physiologic functions associated with specific flavonoid classes and/or individual compounds. Tolerable Upper Levels of safe intake would also need to be considered. At a more practical level, much of the funding for the Dietary Reference Intake process comes from the federal government, which must choose among many pressing nutrition research priorities, and funding is always limited.
CONCLUSIONS AND FUTURE DIRECTIONS
The continuation of high-quality research on the health benefits of tea is critical to support valid, specific, and actionable information about consumption to consumers. Future efforts should include examining the best available evidence on tea and health to identify the most promising leads for more concentrated study. Clinical investigations will require better characterized baseline diets and test products, more complete phytochemical databases, better assessment of exposure, larger populations, longer study durations, useful biomarkers for tea intake/exposure, validated intermediary biomarkers of disease risk as well as ultimate health outcomes, and better safety monitoring. The use of common biomarkers and other measures across studies should be considered so that results can be better shared and aggregated. This scientific evidence must be firmly in place before it will be possible to develop specific and actionable messages for consumers on consumption of tea and other flavonoid-rich foods that are credible and widely accepted in both scientific and consumer circles.
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